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PLEASE READ 


You are about to begin a program on Time Domain Reflectometry. The word "reflectometry " 


indicates the measurement of reflections and the phrase "time domain” indicates the measurements 


will be in the time domain rather than the frequency domain. Our measurements will be in time 


units rather than frequency or wavelength units. Time Domain Reflectometry is used to locate 


as well as quantitatively and qualitatively analyze discontinuities in transmission lines. 


Before starting this program, read through the prerequisites below. You should have mastered 


all of these before you start the program. 


PREREQUISITES 


This volume assumes your comprehension of the following concepts. If you do not meet these 


requirements, some outside study is indicated before starting. (Knowledge levels covered in the 


appendix.) 


Es 


2 
3, 
4 


Algebra to the level of linear equations and logarithms (level 3). 
Basic resistor, capacitor and inductor theory (level 4). 

How to read and understand an oscilloscope display (level 4). 
Meaning of terms (level 3): 


Dielectric Material 


Impedance 


Volumes 1, 2, 3 and 4, Analysis of Passive Networks or equivalent (DC, AC, time and 


frequency analysis of passive networks - level 4). 
Have a slide rule and/or log tables and be able to use them (level 3). 


A desire to learn. 


INSTRUCTIONS 


The material in this program is presented in a series of numbered statements. Each numbered 
statement is termed a "frame" and each group of frames bearing the same first number (3.0, 3.1, 
3.2, etc.) is termed a "set". The response to each frame is in a small box in the lower left hand 


corner of the following frame . 


The material is presented in three types of frames within a set; the "gating frame", the "teaching 


frame", and the "criterion frame". 


The first frame in each set is the gating frame. Cover the following frame with the mask provided. 
Read the gating frame carefully, studying any diagrams that are provided, and fill in the blanks. 
Do not look at the response until you fill in the blanks. The response to each frame is found below 


the following frame. 


Since there is no clue given to the response, you must know something about the material to fill 

in the blanks in the gating frame. If you can respond to the gating frame and you are sure of the 
material, skip to the next gating frame and continue. The gating frames are designed to give the 
student who is familiar with the subject an indication of the information contained in the set and 


allow him to skip the set if he feels he knows the information covered. 


If you cannot respond to the gating frame, continue with the teaching frames in that set, covering 
the response and filling in the blanks. You will find clues to the response in the teaching frames 


or their diagrams. 


The last frame in each set will have two (**) asterisks following the number. This is the criterion 
frame and, once again, no clue is given to the response. The preceding teaching frames should 
have provided the information needed to work the criterion frame. If your response is different, 


go back and review the material in the teaching frames. 


You may progress through the program at any speed you select. Don't miss an opportunity to 
review the material in a set if you can respond the gating frame, but are a little hazy on the 


subject. 


This is not a test. You are not being graded and you are not expected to be able to respond to the 
gating frames unless you have the knowledge to let you skip a set. If you respond to the teaching 
frames or the criterion frames incorrectly, don't be concerned, but go back and review the 
previous frame or frames as needed. Respond from the information presented and, if your answer 


does not match, review the material before going on. 


Following each set is a statement of the objective for that set and a summary of the material 
covered in the set. The summary will be helpful to you for review purposes as well as helping 


you with the material. A list of the objectives is found in the appendix. 


1.0 


1.1 


1.2 


1.3 


GATING FRAME - 1 


A coaxial cable has series and and shunt 


and distributed throughout the entire line. 


A length of wire has a given resistance per foot dependent on the diameter of 


the wire and the material used for the wire which would be expressed in ohms per 


foot. 


resistance 
inductance 
conductance 
capacitance 


A length of wire also has a given amount of inductance per foot which might be 


expressed in microhenries per foot, The amount of 


dependent upon the environment in which the wire is located, 


no answer required 


The equivalent resistance and inductance of a length of wire are in 


inductance 


per foot will be 





1.4 When a wire is close to another wire or any other conductor, there is coupling 
Es between the two conductors which could be expressed in 


picofarads per foot. 








series 
1.5 If a wire is encased in a dielectric material and a conductive shield of copper braid 
placed on the outside of the dielectric, there would be between 


the wire and the shield that could be expressed in pF per foot. 


capacitance 


1.6 This equivalent capacitance would be in parallel with the series resistance 


and of the wire. 


«a Wire 


am Shield 


capacitance 


1.54 Because a dielectric is not a perfect insulator, there would be a high 
leakage path between the wire or center conductor and the shield or outer conductor. 


This path might be several hundred megohms. 





inductance 


1.8 This equivalent high resistance is in with the series resistance and 


inductance of the wire and is expressed as the reciprocal of resistance or 


Conductance = 1/R—_____» 


resistance 


1.9 These characteristics of a line are not concentrated or lumped in one place but are 


distributed along its entire : 





parallel or shunt 
conductance 


1.10 A line such as we have covered is called a transmission or coaxial line or cable. 





length 
EE The equivalent resistance and inductance of a transmission line are in 
and the and are in shunt. 


no answer required 


1.12 END OF SET 


series 
conductance 
capacitance 


Objective: Recall that a coaxial cable has series inductance and resistance and shunt 


conductance and capacitance, 


SUMMARY: 


A short length of wire has resistance and inductance and graphically is as shown below: 


If this length of wire is encased in a dielectric material such as air or polyethylene and a covering 
of copper braid is placed on the outside of the dielectric material we would have a coaxial cable 


as shown below. 


Outer Conductor 


Inner Conductor 





Dielectric Material 


There would be capacitance between the center conductor and the shield or outer conductor, as 


shown above. 


ALL THE SUMMARY PAGES MAY BE TORN OUT AND 
MOUNTED FOR REVIEW PURPOSES. 
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The mask below will help you as you go through this program. Here is how to use it. 
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Move mask down. Check 
your response and then read 
the newly exposed frame. 
Write in your response and 
move the mask down again 
to expose the response and 
the next frame. 





Response to frame on previous page. 


Mask covering second frame and 
responses for first frame. 


Read the frame. Write in your response. 


SECOND POSITION 


Poe Poms Ab da wo Vind sd all Ao adl 
imao Aad, wy | uos tis hun do. 


gabota 
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A coaxial cable or transmission line also has a high resistance path between the center conductor 
and the outer conductor. This resistance path is quite large and is expressed as conductance 


(G = y) . This would be as shown below. 


G = I/R! C 


RAR 


The inductance, capacitance, resistance and conductance of a line are not lumped or concentrated 


in one place, but evenly distributed along its entire length. 


GATING FRAME - 2, 


2.0 The line below has a LF 
«0/6 uH 
Sections 
30 pF to 


Infinity 


All Sections The Same 


2.1 A short length of high quality line will have a small amount of distributed series 
resistance and a high value of shunt conductance. Therefore, for the purpose of this 
program the effects of series resistance and shunt conductance will be considered to be 


overshadowed by series and shunt in a coax line. 


50 ohms 


2.2 


If we draw a line with just these two components, a short length might be represented 
as shown below. 


Series 
Inductance 


T Shunt Capacitance 


inductance 
capacitance 


2.9 A long line would consist of many sections, each section being very small. All the 
sections are and a line would consist of an number 


of sections. 


7 Infinite 
o => Number 


Characteristic of Sections 
Impedance 


All Sections Equal 


no answer required 


2.4 A line with an infinite number of sections has a impedance 
identified by the symbol Lo: 


equal 
infinite 


2.5 The characteristic impedance or of a line can be found using the formula 
Z= VL/C , where L is the inductance in henrys per unit length and C the 


capacitance in farads per unit length, Zo will be in ohms. 


— 


characteristic 


2.6 


2.7 


The Z fa line is proportional to the square root of its 


inductance and proportional to the square root of its 
capacitance. 


N 


Z_ is equal to and for a line with 0.156 uH per foot 
E (Formula) 


inductance and 10 pF per foot capacitance, would be 


directly 
inversely 


If the inductance and capacitance per unit length of a line are uniform or constant, 
then Lo will be 


V L/C 
125 ohms 


Za The Z¿ of a line with 0.117 pH and 13.5 pF for a unit length is 


constant 


2.10 END OF SET 


93 ohms 


Objective: Calculate Za of a line given C and L, recalling and using the formula Zo = y L/C . 


SUMMARY: 


In many cases, the effects of the series resistance and shunt conductance are overshadowed by the 


series inductance and shunt capacitance. An infinitely long line could therefore be drawn: 





| | | | 
A | | | | C 
| | { | 
0 € | | Additional 
Lo — | | | | Sections to 
| | | Infinity 
| | | { 
B | | | | D 
| | | | 
| | | | 


The transmission line shown above would have a characteristic or input impedance (2) equal to 
vV L/C where L is the inductance for a given length of line and C is the capacitance for that 


same length of line. 


L would be in henrys, C would be in farads and Zo in ohms. 


GATING FRAME - 3 


3.0 


The Zo of an infinite line can be maintained by cutting the line and terminating it 
in a load equal to 


3.1 


If an infinite line is cut at CD, the section to the right would have an input impedance 


of 


“TT e 


À Z, Infinite 


Sections 
B D 


N 


3.2 The section to the left of CD looks into the Zo of the right section and this section 
could be replaced with a load equal to the Z of the line. We no longer have an 
infinite line but a finite line terminated in 
is still Lo: 


, but the input impedance 


N 


3.3 


3.4 


3.9 


A line terminated in a load equal to its _ impedance has the characteristics 


of an infinite line. 


Z 
O 


When connecting a power supply or signal generator to a line or load, maximum 
power transfer takes place when the of the source 


equals the of the load, 


characteristic 


If a line is terminated in a Z} (load impedance) not equal to Zy 9 reflection of 
energy will result and power transfer will not be achieved. A line 


terminated in Zo will not have ; 


output impedance 
input impedance 


330° A 50 ohm line terminated in a resistance of 50 ohms has the characteristics of an 


line. 


maximum 
reflections 


del: END OF SET 


infinite 


Objective: Recall that a line terminated in its Zo will have the characteristics of an infinite line. 


SUMMARY: 


If an infinite line were cut at CD, the section to the right would still be an infinite line with a 


characteristic impedance of Lo: The section to the left could be made to appear to be an infinite 


line by connecting a load across CD equal to Zo: 


A 
C Additional 
L Ye Zo ease Sections to 
o S Infinity 
B D 
A © 900 000 000 000 O 
C 
D 
B O O 


When connecting a transmission line to a generator or a load to a transmission line, maximum power 
transfer occurs when the Z ut of the generator is equal to the Zo of the line and when the load 


resistance is equal to Z . (See Set 18, DC Equivlalent Circuits Program.) 


GATING FRAME - 4 


4.0 The line has a dielectric material of polyethelene which has a dielectric constant of 
2.3. It will take seconds for a step function to travel from A to X on 


the line below. 





4.1 A transmission line consists of series L and shunt and it takes 


to charge or discharge a capacitor or an inductor. 





4.4n 





4.2 It, therefore, will take some finite for a signal to pass from point A 


to point X on the line below. 








4.3 


4.4 


4.5 


The velocity of propagation (V_) of a transmission line is the distance per unit 


a signal will travel in that line, and is given by the formula: 


VE 
V = —— 
P VK 





time 





V, = Velocity of Light = 30 cm/nsec 
K = Dielectric Constant 


Mo = Velocity of Propagation 


The dielectric constant of air is 1, therefore, the V_ of an air line would be 


cm/nsec. The dielectric constant of polyethelene is 2.3, therefore, 


the va of polyethelene line is 





time 





It would take a step function 


line. 


Y 
T= 
p 


30 


19.8 


cm/nsec . 


to propagate 60 cm of polyethelene 


f= length in cm 


T = time in seconds 


4.6 


4.7 


4.8 


The formula for the time required for a signal to propagate a length of line (/) would 


be T = 


3.03 nsec 


Since V isa function of Vi and 
Mo will change. 
V 
v=— 
P K 


baa 


Na is directly proportional to 


Al 


, if the dielectric material changes 


and inversely proportional to 








4, 9+* A time delay of 50 nsec is required for a step function using a cable with a styrofoam 


dielectric having a K = 1.08. cm of cable will be required. 








4.10 END OF SET 


Objective: Calculate the electrical or physical length of a transmission line, recalling and using 


the formulas: 


SUMMARY: 


If a step function is applied to the input of a transmission line, it will take a finite time to reach 


point X. 





The time required for the step to reach point X will depend on the length of the line from A to X 
V 





and the velocity of the propagation Vo) of the line. The Mo of a line is equal to , Where 


V, is the velocity of light (30 cm/nsec) and K is the dielectric constant of the dielectric 
L Y 


material used in the construction of the line. The time for a signal to propagate from À to X 


would be T = io = vk . Notice that if the dielectric constant changes as might happen 
p L 


if a different material were used, then yg changes. 


NOTE 


The Yo of air, polyethelene and teflon lines are shown below and should be committed to memory. 


AIR TEFLON POLYETHELENE 


30 cm/nsec 20.9 cm/nsec 19.8 cm/nsec 


5.0 


Dal 


5.2 


5.3 








GATING FRAME - 5 


When a line is terminated in a load not equal to the Zo of the line, a reflection occurs 


and may be seen on an by monitoring the line at its 


When a step function is applied to a line that is terminated in a Zi Á Lor then 


maximum energy transfer take place. 
(does/does not) 


oscilloscope 
input 


The energy that is not transferred to the load is reflected back down the line toward 


the . The reflection adds to or subtracts from the input step. 


does not 


This may be seen by connecting an oscilloscope to the input of the line 


and observing the input step and the _ _ 





input 

















SCOPE 


SIGNAL 
GENERATOR 





Display on Oscilloscope 


Figure 5.3 





5.4 


250 


5.6 


5.7 


The first display that will be seen will be the input signal or incident wave and some 


time later the _ wave can be seen (see Figure 5.3). 


reflection 


If the line is terminated in a pure resistance equal to Lor then reflected 


wave will be present. 


reflected 


A reflection will be present if the load resistance is to Z, and can 


be seen by connecting an oscilloscope to the of the line. 


no 


The input may be a pulse instead of a step function in which case the reflection would 


be either a positive or a negative , depending on the size of Zi: 





not equal 
input 


9.8** Label the input and reflection on the display below. The input to the oscilloscope 


would be connected to the of the line. (Answer on next page in 


summary . 








pulse 





I? END OF SET 


Objective; Recall the oscilloscope set-up for viewing reflections. 


SUMMARY: 


If a line is not terminated in a pure resistance equal to Lo or a section of the line is dissimilar to the 
rest of the line, a discontinuity is present and a reflection of energy occurs. This reflection can 
be seen by applying a step function to the input of a line and monitoring this point with an 


oscilloscope as shown below. 


Probe 


| 


Reflection 





Scope Display 


The limitations of the scope and probe will be considered later. For now, we will assume the 


scope and probe have no effect on the generator and cable. 


6.0 


6.1 


6.2 





GATING FRAME - 6 


The reflection coefficient P (rho) is equal to or the 


(formula) 


voltage pulse + the voltage pulse. 


When a pulse is applied to a transmission line which is terminated in Zo’ all the energy 
of the pulse is transferred and dissipated by the . There is no 


energy reflected in a properly terminated line. 


Z 
Z 


L” o 


+Z 
O 


L 


reflection 
incident 


If Zi is not equal to Lor then only part of energy in the pulse is transferred to the 


load and the rest is back down the line toward the input. 





load or termination 




















High Impedance 







Figure 6,1 


6.3 


6.4 





The drawing below shows the input pulse and the pulse. It will take 


nsec for the pulse to travel from the input to the load and ns for 


the reflection to travel from the load to the input. 


Input Pulse Reflected 





reflected 


The polarity and amplitude of the reflected pulse is dependent on Zj and Z . This 
relationship is expressed as the reflection coefficient Pand is equal to 


Zi E Z, 
Z (TZ, When Zi is larger than Lor Pwill be 


o (positive, negative) 


reflected 
] 
] 














ron 


Reflect 





| 


reflection 


P = 


dent 


INCI 








AAA ar E AA i IY i AE LT RO 


ion 


Reflect 





x 
c 
OU 

-5 
O 
Cc 





N 
“O 
Q 
Ca 
> 
LL 


6.5 


6.6 


6./ 


6.8 


When Zi is smaller than Zoe P will be 


. The maximum values of P 


are + : (Zi may vary from O to oo.) 

ps ES 

Z +Z 
o 
positive 
When Zo = 500 and Zi = 1000, then P would = and the reflected wave 
would be volts when the input was 5 volts. 
negative 
Z, -Z 

P is the 


; o 
and is equal to Z FZ, or 


Ee atlection 


E ncident 








P can be quickly calculated from an oscilloscope display by dividing the 


pulse voltage by the input or incident pulse voltage. 


reflection coefficient 


6.9 


When PA is calculated as in frame 6.8, Z, can be found by using the formula: 


£1 7, 
P= ZTE, Zi (0-1) =Z (-P - 1) 
Z (-P -1) 
PZ, + PZ, = Deze. 2 CDE” 
_7 - E 1 + 
PZ -Z = “PZ, - Z, Z =Z E 


reflected 


The formula Zi = Zo tp would be used when has been 


calculated using an oscilloscope display showing incident and reflected waves. 


no answer required 


If P is +0.75, then the reflection is 0.75 times the input pulse. This would indicate 


a Z of Q if Z = 500, 
— O 
] J) 


a 


01277 The display below would indicate a P of and in a 500) system a Z, of 





3500 











6.13 END OF SET 
-0.5 
16.70 
Z, - 
NOTE: The formula P = ARA should be committed to memory. This formula 
L ~o 2 
= E 
can be rearranged to yield Z,=2 f 2) ; 


=Z 
Objective: Recall that reflection coefficient P is equal to ao , and be able to calculate P 
L O 


given Z) and Zoran oscilloscope display. 


SUMMARY: 


If a step function is applied to the input of a transmission line, which is terminated in Lor all of 
the energy is transferred to the load. If the line is not terminated in Zor part of the energy is 
-Z 
reflected back down the line. The reflection coefficient (P) is equal to EF i where Zi 
Lo 


is the impedance of the load and Zo is the impedance of the line. If Pis known, Z, can be found 


by using this formula in the more convenient form of ZF (155) . Pis also equal to the 


E 
reflected pulse voltage divided by the incident pulse voltage or eco 
incident 


GATING FRAME - 7 


7.0 The drawing below indicates a Zi of 





7.1 If Z} is œ (line open - no termination), then P is equal to and all of 


the energy of the step input is 


É 


7.2 For this program the input to a transmission line can be either a step function or a 


pulse. When the input is a step function, the reflection will show as an addition to 


or subtraction from the step. 
+] 
reflected 
7.3 The Zi can be found by calculating P and using the formula Zi = Zo (8) 


P from the display below is equal to 








input 





7.4 Substituting 1 for P in the equation in frame 7.3 yields Z 


LO 


ao An open line will have a Pof 1 and can be identified by a reflection equal in 


amplitude to the 











00 

lO" Draw the reflection and input step for an open line. (Answer on next page in summary .) 
input 

Lisl END OF SET 


Objective: Given the proper oscilloscope display, be able to identify an open line. 


SUMMARY: 


When Zi is 00: 
P - i Lo Dz: reflection 
Zi ii a incident 
p œ = Lo 3 
CA 3 
O 
Pp = 1 p = ] 


If a step function were applied to a line which was not terminated, the step would travel down the 


line to the end and then reflect with a reflection coefficient of 1. 


/ 
\ 


Reflection 





GATING FRAME - 8 


8.0 The a of the line shown below is 30 cm/nsec. It is physically cm long. 





8.1 The time from Ty to T; in the display in frame 8.0 is called the down and back time 
or round trip time. It is the time required for the input to travel from A to X and 


the reflection to travel back to 


1800 


8.2 This down and back time or double transit time is times the time for the 


signal to go from A to X. | 


|>| 


8.3 


8.4 


8.5 


The length of the line can be expressed in time or length. A 1 nsec cable having a 
Mo of 30 cm/nsec would be cm long. 


pe 


The time from T} to T, below is equal to 24 where £ is the length of the line and 
| p 
Yo is the | of the signal. 





If the time from T} to T, is measured and called T, a more convenient form of the 


equation would be É = 


velocity of propagation 








8.6 If the time from T} to T, is 120 nsec and o is 30 cm/nsec, the £ is 
TV 
P 
2 
8.7 The physical length of a line can be calculated if is known and 


T, - Ts can be measured. 


1800 cm 


8:977 


Draw the display for a 90 cm long open air line open at the output end. Label time 


on the drawing. The Ya of air line is 30 cm/nsec. (Answer on next page in 


summary .) 





<i 
Lo) 


8.9 END OF SET 


Objective: Calculate the length of a line given a reflection display and using the formula 


TV 
b= >. 


SUMMARY: 


The electrical length of an unterminated line may be found by applying a step function to the input 


and measuring the time required for the reflection to return to the input. 





Reflection 





e T — 2 nsec/div 


The time T is the down and back time or the time required for the input to travel to the end of the 
line and the time required for the reflection to travel back to the input. T is, therefore, equal 
2% l ' o 
to Wi where À is the length of the line and Yo is the velocity of propagation of the signal 
p 
through the line. 











9.0 


Za) 


Daa 


GATING FRAME - 9 


The display below indicates an air line nsec long terminated ina Zi of 


ohms. 





10 nsec/div 





In the formula P= Z FZ” P is when Zi is zero. 





A P of -1 indicates a reflection equal in to the incident wave but 


opposite in 

















Line 





GENERATOR 


High Impedance 


A in A RI cad 








Figure 9,3 


9.3 


9.4 


7.2 


A step function propagated down a line which has a shorted termination, will have 
a reflection as shown in Figure 9.3. The display shows a pulse having a width of 


times the electrical length of the line. 


amplitude 
polarity 


This characteristic of a shorted line is used in the generation of narrow pulses. If the 
line in Figure 9.3 were only 15 cm long, a pulse having a pulse width of nsec 
would result a = 30 cm/nsec). 


NO 


A very fast risetime incident pulse would be required for the generation of the pulse 


described in frame 9.4. 


eed 


Dose Draw the reflection from the shorted line shown below. (Answer on next page in 


summary .) 


Hae—— 50 nsec— 





25 nsec/div 


no answer required 


ATA END OF SET 


Objective: Given the proper oscilloscope display, be able to identify a shorted line. 


SUMMARY: 





When Zi is O: 
p= Ai o Lo p= econ 
2, E E incidem 
p- o p= 2 
~ OFZ = 
O 
p= = | p= -] 


When the output of a line is shorted, a reflection equal to the input, but opposite in polarity, 


occurs., 





10.0 


10.2 


GATING FRAME - 10 


The reflection below indicates a line terminated in a Zi of ohms (Zo = 50 ohms). 





The incident step above is 5 units and the reflection is unit. Pis equal 


to reflection + incident, therefore, P for frame 10.0 is equal to 


73 


Substituting P=0.2 in the formula Li = Lo (158) 


1-D) 
yields for Zi. 


LS 
NO 


when Zo is equal to 50 ohms 


10.3 Terminating a line in a Zi greater than Zo will cause a reflection 


positive/negative 


having an amplitude of less than times the incident step. 
75 ohms 
10.4 When the termination is quite large compared to Los the reflection will approach 


times the incident step. 


positive 
] 

10.5 When the termination is just barely larger than Lor the reflection will be almost 
l 

10.6 The reflection will always be when Zi > Zo 


9 | 


10,7** The reflection below indicates a reflection from a termination Zi of ohms. 


Z = 500. 
O 





positive 





10.8 END OF SET 


250 


Objective; Given the proper oscilloscope display, be able to identify a line terminated in 


Z, > Z and calculate Z.. 
L O L 


SUMMARY: 


When Zi is >Z: 
O 


Zi = 75 ohms 
Z = 50 ohms 
O 
E e O 
Z, +Z 
O 
_ 75-530 
a ~ 75 +50 
oe 
p g 125 7 0.2 


p- E reflection 


E neideni 
ad 
p 5 
P= 0.2 


When a 50 ohms line is terminated in 75 ohms, P is 0.2 and the reflection for a unity input would 


be as shown. 





GATING FRAME - 11 


11.0 The reflection below indicates a ohm termination. Lo = 500. 








11,1 P is equal to the + amplitude and in frame 11.0 is 
equal to 
25 
11.2 Substituting -0.333 into the equation Z, = Z LER ives for Z 
l i q L fo (T-P) SYS — L* 
reflection 
incident 


- .333 


11.3 The reflection from a termination Z< Zis always when the input 
is a positive step. 
25 


11.4 When Zi is zero, the reflection is to the incident step. When Zi >0 


but <Z 1 the reflection is still negative but less than the 


negative 


Egor The reflection below indicates a termination of ohms when Zo is 500. 





equal | 
incident step | 


1.6 END OF SET 


16.7 


E pe 


Objective: Given the proper oscilloscope display, be able to identify a line terminated in 
Z|< Zo and calculate Zj. 


SUMMARY: 


When Zi is<Z: 
O 
Zi = 25 ohms 
Z_ = 50 ohms 
O 
p - a er pe tion 
Zi x Z, ES cident 
_ 25 - 50 p= r2 
dia 25 + 50 6 
s A = E dê 
p = 75 = 0.333 = -0.333 


When a 50 ohm line is terminated in 25 ohms, P is -0.333 and the reflection for a unity input would 


be as shown. 











GATING FRAME - 12 


12.0 P in the display below is . The incident pulse is 0.25 volts. 





5 mv/div 
| 
12.1 P is equal to the reflection amplitude divided by the amplitude. 
0.04 
al | 
| 
12.2 If the incident amplitude is known, then only the amplitude must be | 


measured to compute À, 








incident 











P 

w 

> 2 
~ oo > 
O O O + 
oo i'm 
2.0055 
O£>un 
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12.3 


12.4 


12.5 


The incident amplitude can be measured if it is not known. Once this amplitude is 


known, only the amplitude need be measured to calculate P. 


reflection 


This method is useful when the reflection is small compared with the 
or when the reflection is difficult to display on the same time display with the 


incident (see Figure 12.4). 


reflection 


When the reflection is small compared with the incident, the 
sensitivity of the oscilloscope is increased and only the reflection amplitude is 


measured. 


incident 


12.6 P can be calculated from the display below by increasing the 


sensitivity of the oscilloscope and measuring the amplitude of just the 








pulse. 
vertical 
12,77 The display below indicates a reflection with a P of 
2 mv/div 
Incident = 1 volt 
vertical 


reflection 


12.8 END OF SET 


0.004 


Objective: Calculate P from a display showing only the reflection when the amplitude of the 


incident is known. 


SUMMARY: 


Where small discontinuities are present, an accurate measurement can be obtained only by increasing 
the vertical sensitivity of the oscilloscope. The incident pulse may no longer be seen. If the 
amplitude of the incident pulse is known or has been measured, it is not necessary to have it 


displayed to calculate P, 





reflection 
incident 


100 mv/div 











GATING FRAME - 13 


o The Z_ ofthe line shown below is ohms. 











Outer Conductor 





Inner Conductor 
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ielectric Material 





Dielectric Constant = 2.3 


: n set 2 we found that Z was equal to VL/C . The physical dimensions of a cable 


will effect both the and C of a cable. 
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Dielectric Material 


Dielectric Constant = 











igure 13. 





13.2 If L and C are dependent on the physical characteristics of a cable, then the 


of the line would be determined by its size. 


L 
. | _ 138 D ; 
13.3 The formula for Z can be written: Z = —= log,, 7. K isthe 
O O Ve 10 d 
of the insulation material (see Figure 13.3). 
Z 
O 

13,4 D is the inner diameter of the | and d is the outer 

diameter of the | of the cable. 


dielectric constant 


13.5 When K is equal to 2.3 (polyethylene), the formula could be simplified to: 


Z D 
AA 


outer conductor 
inner conductor 


13.6 If D is 3 cm and d is 0.846 cm, then D/d is equal to and the 
logy of D/d is 


91 
ee 138. 
13.7 Substituting 0.55 for logig D/d and 91 for — gives us: 
_ 138 
Zo = 2 logo D/d 
Zo = (91) (.55) 
Z = Q 
ee ee 
3.54 


0.55 


13.8 A 50 ohm line with a 3 cm D using polyethylene as a dielectric would have an 


inner conductor of cm. 


50 


13.977 An air coax has an inner conductor diameter of 1.1 cm anda D of 3 cm. The Zo 


of the line is ohms. The dielectric constant for air is 1. 


0.846 





13.10 END OF SET 


60 ohms 


Objective: Recall that Zo = a logy D/d and be able to calculate Lo: 


SUMMARY: 





The Z_ of a line can also be calculated from its physical dimensions. 































O 
Outer Conductor 
Inner Conductor 
Dielectric Material 
_ 138 : : ; 
The formula for Zo is Z = logig qi where K is the dielectric constant of dielectric 


material, D is the inner diameter of the outer conductor and d is the outer diameter of the inner 








conductor. 












































GATING FRAME - 14 


14 .0 An air line 70 meters long has a reflection as shown below. The discontinuity is 
Q and is in — with the center conductor. The discontinuity 
(number) 
is cm from the signal end of the line. Zo = 500. 





20 nsec/div 


14.1 When a line has a termination Z> Zee the reflection is 


positi ve/negative 


200 (250 is wrong) 
series 


1200 





14.2 The size of Zi in frame 14.0 can be found using the formula Zi = Zo (3 =f 





l] -P 
and is ; 
positive 
14.3 The reflection shown in frame 14.0 might indicate a termination of 250 ohms but the 
line is 70 meters long and this "termination" appears cm from the signal 


end of the line: 


(MN (Vo) 


L= oo vo for air line is 30 cm/nsec. 
25002 
14.4 A resistive discontinuity in with the center conductor would be in 


series with the Z , of the rest of the line and appear to be a termination of Zi equal 


to Zo + Lor where Zo is the series resistive discontinuity. 





1200 cm 


14.5 The positive Pindicates a Zi greater than Lo: The 2500 Zi calculated in frame 14.2 


is the sum of and 








series 





14.6 Zo is, therefore, Zi - Zo or in our case Q using the formula 





2,=2, ( e to find Zi and then subtracting Z 5 is one way of finding the 


size of a series resistive discontinuity. 


Loa 
ZJ O 


14.7 This type of discontinuity can occur as a result of poor contacts. The resistance of the 


and the Zo of the line are in 





200 
14.8 If Zi = Zo + Zo is substituted in the formula and then solved for Zp we have: 
p . “L7%o 
Zt Lo 
Z,+Z -Z 
p =- R “o “o 
Zp +Z +Z 
o O 
p Zp + 2 PZ. = Zp 
Zp (P -1)= -2P Z, 
Zp = 
contact 
series 
14.9 If P were 0.5 and Zo is 500, then Zp would be 
p 
2 Ls l-P 


14.10** The display below indicates a discontinuity of 


ohms. 


Incident Pulse Not Shown is 1 Volt 


100 mv/cm 


Reflection 





1000 


14.1] END OF SET 


series resistance 

66 .60 
_ reflection _ 400 mv -0.4 
~ incident 1000mv ~? 


E DP) 2) (50) (0.4 _ 
ee =22,( a > = 66.60 





Objective: Given the proper oscilloscope display, be able to identify series R discontinuity and 


calculate Zp o 








SUMMARY: 


A series resistive discontinuity would have a reflection as shown below: 





This type of discontinuity may occur as a result of poor contacts. The reflection appears to be a 
"termination" >Z but not at the end of a line. The Zi that causes the reflection is Zp + Zo and 


Z, can be found using the formula Zp =2 Zo <7): 


R 


14 




















GATING FRAME - 15 


15.0 The reflection below indicates a discontinuity in with the center 
conductor of Q. The air line is 2000 cm long and Za is 500. 





10 nsec/div 


15.1 The display in Frame 15.0 indicates a discontinuity cm from the input 
of the line. The line is 2000 cm long, therefore, the discontinuity is not in the 


termination but somewhere within the line. 


shunt or parallel 


50 

















10 nsec/div 





Figure 15.2 


15.5 


15.6 


Z, is the parallel combination of Z. + Z_, therefore: 
L G O 


» e) 
L> Ze FZ, 
E 
21 2.26%. 4% 
212,= 26 Lo?) 
£14, - 7 
Zero “te 
O L 


For aZ, of 25 ohms anda Z of 50 ohms, ZA = 
L O G 


25 


| 1+0 EG to 
The two formulas Z= Zo Tp) and Z, = ZZ may be equated and solving 





for Zo will yield: Lo= 2 (156) 


If you can remember formulas, fine, remember this one - if not then when solving 
for a discontinuity of this type first solve for and then using the fact 


that Z, is the parallel combination of and , solve for La: 


50 


15.7 The same type of reflection would result if two 500 lines were tied via a T 


connector to a third 50Q line, as shown below. The Zo would appear to change 


from 500 to at the connector. 
Z 
O 
|] 
ZN NJ] | 
Z = refe 
=). I 
| | 


aD 





loss The reflection below indicates a discontinuity of ohms. Total line is 


90 meters. Z = 500. The incident step which is not shown is 1.5 volts. 


3 mv per div 





5 nsec/div 


25 


15.8 END OF SET 





SUMMARY: 


A shunt conductive discontinuity would have a reflection as shown. 








This type of discontinuity could be as a result of moisture or water in a line. Z can be calculated 


_ 1+) 
L£6= 4, ( -2P ] 


Zœ can also be calculated by first calculating Z using the formula Z) A (+55) and 


using the formula: 











then remembering that Zi is equal to the parallel combination of Zo and Za and solving for La: 


15 
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Figure 16.0 
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16.0 


16,1 


16.2 





REVIEW SET 


GATING FRAME - 16 


There are three discontinuities that have a positive value of Pand have reflections 


similar to the reflections shown in Figure 16.0. They are: 


l ; 
Los o 
3. ‘ 


The reflections in Figure 16.0 have no exponential curve to them and this indicates 
the discontinuity must be a or a termination unequal 


toZ . 
O 


open line 
serles resistive 
termination Z > Lo 


The absence of an exponential indicates the absence of L or in 


the discontinuity . 


series resistance 

















Termination 


Figure 16.3 


16.3 The three reflections shown in Figure 16.3 all have a positive Pand no exponential 


curve. The reflection with a Pof +1 indicates an 


pa 


16.4 The other two reflections indicate the same value of Pand the problem is to be able 


to identify a termination Zo or a series resistive discontinuity. 


open line 

16.5 The location of the discontinuity will help decide. If the discontinuity is in the 
middle of a line it is a - If it is at the end of a line 
it is a greater than Zo: 





no answer required 


16.6 The same type of logic will help decide what type of discontinuity causes a reflection 


with a negative P when no exponential curve is present. 


series resistance 
termination 


16.7 There are three discontinuities that fit from frame 16.6. They are: 


no answer required 


16.8 Deciding whether a reflection is caused by a shunt conductance or a termination, 


<Z, will depend on the _ of the discontinuity in the line. 


shorted line 
shunt conductance 
termination EL 


16,9** If the discontinuity shown below is at the end of a line, it is a 


and if it is in the middle of the line it isa _ 








location 


16.10 END OF SET 


termination 
shunt resistance 


GATING FRAME - 17 


17.0 The reflection below indicates an discontinuity in 
with the center conductor. The air line is 100 meters long and the discontinuity is 


cm from the signal end of the line. 





17.1 An inductor appears as an circuit to the leading edge of a step 


function or pulse. 


inductive 
series 


2250 


17.2 If a line is open at some point, the reflection coefficient will be 





open 





17.8 A line with an inductive discontinuity in series with the center conductor appears 





to be an circuit to the leading edge of a step function and Pwill 
be 
+] = 

17.4 After some time (5 L/R) the inductor will appear as a circuit and P 
will be ; 
open 
+] 

17.5 It will take time constants for the inductor to change its effects on a 


line from open to short. 





short 


17.6 This change will take the shape of an function. 


5 
142 The reflection from a series inductive discontinuity appears as an | 
to the leading edge and changes to a taking time 


constants and takes the shape of an exponential function. 


exponential 


17.8 A series inductive discontinuity will have a P between and 


and always be 





open 
short 


Drs Draw the reflection you would expect from a series inductive discontinuity. (Answer 


on next page in the summary.) Line is terminated in Zo: 





+] 
0 


positive 


17.10 END OF SET 


Objective: Given the proper oscilloscope display, be able to identify series L discontinuity. 


SUMMARY: 


An inductive discontinuity in series would cause a reflection as shown. 





This type of discontinuity might be caused by a physical defect, such as dimensional variation, 


in the cable or line. 


GATING FRAME - 18 


18.0 The reflection below indicates an discontinuity in 


with the center conductor. 





18.1 An inductor appears as an circuit to the leading edge of a step 
function. An open circuit from the center conductor to ground in the middle of a 


line would have a Pof i 


inductive 
shunt or parallel 


18.2 An inductor will appear as a circuit 5 time constants after the 
leading edge of a step function. A short between the center conductor and ground 


would have a Pof 


open 


18.3 The voltage across an inductor will take the shape of an function 


when changing from what appears to be an open to what appears to be a short. 


short 
-] 
18.4 An inductor between inner and outer conductor will have a P between 
and _ ¿ 
exponential 
18.5 A reflection caused by an inductor in shunt with the center conductor would have a 
P of for the leading edge of a step function and a Pof 


after 5 time constants. 


E 


16,07" Draw the reflection from an inductive discontinuity in shunt with the center conductor 


of an air line. (Answer on next page, Figure 18.6.) 





18.7 END OF SET 


Objective: Given the proper oscilloscope display, be able to identify shunt L discontinuity. 


























GATING FRAME - 19 


19,0 The reflection below indicates a discontinuity in 


with the center conductor . 





19.1 A capacitor appears as a to the leading edge of a step function. 
capacitive 
series 

19.2 Five time constants after the leading edge of a step function a capacitor in an RC 


circuit appears as an 


short 





19.3 In the cable below P is 


for the leading edge of a step function and 


5 time constants after the leading edge. 











open 

19.4 During the 5 time constants after the leading edge in the above frame, P changes 
from Oto 1 on an curve. 
0 
+] 


19.5 


A capacitive discontinuity in series with the center conductor appears to be a 


to the leading edge of a step function and P would be 


exponential 


19.6 Five time constants after the leading edge of a step function, a series capacitive 




















discontinuity appears to be an and Pis 
short 
0 
19.7 When the capacitor appears as a short, the line looks like Loi but when it appears 
as an open, it looks like Zit and Pis _ 
open 
+] 
19.8 The change from P=0 to P= 1 is on an curve. 
o 
] 
19.9 A connector not quite matching or mating would cause a 


discontinuity. 


exponential 


12.10% Draw a typical reflection for the cable below. (Answer on next page in summary). 





series capacitive 


19.11 END OF SET 


Objective: Given the proper oscilloscope display, be able to identify series C discontinuity. 


GATING FRAME - 20 


20.0 The reflection below indicates a discontinuity. 





A T} 
20.1 P at T} above is and this would indicate a 
shunt capacitive 
20.2 A from the center conductor to the outer conductor would short 


the leading edge of a step function. 


-] 
short 





20.3 


Five time constants after the leading edge of a step function, the capacitor in the 





cable below would appear to be an and P would be 
capacitor 
20.4 The change in P from -1 to 0 would be on an curve. 
open 
0 
20.5 A step change in Pfrom O to -1 and then an exponential back to O would indicate 
a 


discontinuity. 


exponential 


20 .6** The reflection below indicates a discontinuity. 


The incident pulse is negative. 





shunt capacitive 


20.7 END OF SET 


shunt capacitive 


Objective: Given the proper oscilloscope display, be able to identify shunt C discontinuity. 


SUMMARY: 


A capacitive discontinuity between the center conductor and shield would have a reflection as 


shown: 


al 
ia. 
do: Zi 





ALL THE SUMMARY PAGES MAY BE TORN OUT AND MOUNTED FOR 
REVIEW PURPOSES, ALONG WITH THE CHART ON THE NEXT PAGE. 
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HOW WELL DO YOU KNOW THE MATERIAL? 


The post test which follows will give you an indication of how well you know the material 
covered in this program. The answers to the questions are given at the end of the test 


along with the set that should be reviewed if you miss the question. 


POST TEST 


(All test questions assume a positive incident pulse.) 


1. The reflection display indicates a/an discontinuity in 


with the center conductor. 





2. The Lo of a line with a 0.135 uH of inductance and 15 pF of capacitance per unit length is 


3. The reflection below is from an open line with a A of 20 cm/nsec. The line is 





20 nsec/cm 


4. The reflection below indicates a discontinuity of 


ohms and cm down a 100 meter long air line (50 ohms Zo) : 





10 nsec/cm 


5. The reflection below is from a terminated air line. The termination is _ 








100 nsec/cm 


6. A coaxial cable has series and and shunt and 


7. The reflection below indicates a discontinuity. 





8. The Zo of an air line with a center conductor diameter of 1 cm and an outer conductor of 


10 cm would have a Zo of 


9. A line terminated in its Lo has the same characteristics as a/an 


10. The reflection below is from a 900 cm terminated air line. Z is 


Z = 500. 
o 


200 mv/cm 





Input = 1 volt 15 nsec/cm 


11. P is equal to E or 





formula 


12. The reflection below is from a 50 ohm air line 100 meters long. The display indicates a 


discontinuity of ohms. 







100 mv/cm 


Bm? 


(Incident = 8 volts 


50 nsec/cm 


13% A 90 cm air line is terminated. The display below indicates Zi = 
Zo = 500. 





Incident = 5 volts | l nsec/cm 


14. The reflection below indicates a/an discontinuity . 





15. V_ stands for or and the time for a signal to travel 


between two points on a line is T = 


16. The reflection below indicates a Zi of lair line 45 cm). Zo is 500. 





discontinuity. 


The reflection below indicates a/an 


17. 





Answer 


inductive 
series 


95 ohms 
800 cm 


series resistive 
50 ohms 
450 cm 


a short or zero ohms 


inductance 
resistance 
conductance 
capacitance 


shunt capacitive 
138 ohms 
infinite line 


450 ohms 


reflection 
incident 
Zi - Zo = Zi + Lo 


shunt resistive 


973 ohms 

48 ohms 

series capacitive 
velocity of propagation 


f 


V 
p 


co or open 


shunt inductive 


POST TEST ANSWERS 


Set Tested 


17 


20 
13 
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KNOWLEDGE LEVELS 


RECOGNIZE: 


At this level, when asked a multiple choice type question, the student will be able to tie 
two related bits of information together. 
An example might be: 
The symbol for a resistor is figure | below. 
(a) — mn 
E AR 


= 


If the student chooses figure (b), then he has the ability to recognize the symbol for a 


resistor. 


RECALL: 


When a student has achieved this level, he might be asked for a specific bit of information 


or a fact, and he should be able to recall from memory that information needed. 


Example: What is Ohm's Law? 


If the student can give the answer that it is a relationship between voltage, current, and 
resistance expressed as E = IR from memory, he has recalled the information that was 


requested, 








RECALL AND PUT TO USE: 


When a student has achieved this level, he might be confronted with a problem where a 
certain theory must be used. To solve the problem, he must recall the theory, extract 


the information that he needs from the circuit, and solve the problem. 





Example: 
What is | in the circuit below? [= , 
100 
If the trainee can recall that | = s and then plug in the figures he needs from the circuit 
to arrive at the answer | = 1A, then he has been able to recall and put to use this 


concept. 











IV. — INTERRELATE CONCEPTS: 


When a trainee has achieved this level, he might be given a problem where more than one 
concept must be recalled and used in order to predict the results of a given set of 
circumstances. To solve the problem, he must recall the needed information, relate it to 


the known facts, and solve the problem. 


Example: 


What is the power dissipated by R5 in the circuit below? 


Po = W 


+10V 





If the trainee can recall that he must have either E or | as well as the size of Roy solve for 
E or | by using Ohm's Law, and then plug in the figures he needs from the circuit to arrive 


at the answer PR, = 3w, then he has been able to interrelate these concepts. 








APPLICATION OF CONCEPTS: 


When a trainee has achieved this level, he might be given the requirements for a problem 
he has never encountered before. He will solve the problem by using those lower skill 


levels he needs to define the limits of his problem and arrive at a solution. 


Example: 


Calculate the size of the components that can be placed on the input of this instrument 
that will maintain the same input impedance and will attenuate the input signal by a ratio 


of 2:1. 


INPUT 


IMQ 20pf 


If the trainee is able to arrive at this solution 


INPUT o 


500k 20pf 


10pf 2 
OUTPUT 
IMQ IMQ T 20pf 


by using recall only, he has been able to apply these concepts. 

















13. 





OBJECTIVES 


Recall that a coaxial cable has series inductance and resistance and shunt conductance 


and capacitance (level 2). 


Calculate Zo of a line given C and L, recalling and using the formula Lo = 4/ L/C 
(level 3). 


Recall that a line terminated in its Zo will have no reflection (level 2). 


Calculate the electrical and physical length of a transmission line, recalling and using 


V 





the formulas: Vo = and T = a (level 3). 
vV K P 


Recall the oscilloscope set up for viewing reflections (level 2). 


Le A 


Recall that reflection coefficient P is equal to =, and be able to calculate P 
L o 
given Z} and Z or an oscilloscope display (level 3). 


Given the proper oscilloscope display, be able to identify an open line (level 1). 


Yp 





Calculate the length of a line given a reflection display and using the formula f= > (level 3). 


Given the proper oscilloscope display, be able to identify a shorted line (level 1). 


Given the proper oscilloscope display, be able to identify a line terminated in Z> Zo 


and calculate a (level 3). 


Given the proper oscilloscope display, be able to identify a line terminated in Z|< Zo 
and calculate Z, (level 3). 


Recall that Z A logig D/d and be able to calculate Z_ (level 2). 
o VR O 


Given the proper oscilloscope display, be able to identify series R discontinuity and 


calculate Zp (level 3). 


Given the proper oscilloscope display, be able to identify shunt resistive discontinuity and 


calculate Za (level 3). 














Given the proper oscilloscope display, be able to identify series L discontinuity (level 1). 
Given the proper oscilloscope display, be able to identify shunt L discontinuity (level 1). 
Given the proper oscilloscope display, be able to identify series C discontinuity (level 1). 


Given the proper oscilloscope display, be able to identify shunt C discontinuity (level 1). 

















